With the emerging need for unmanned aerial vehicle with the capability to hover, the ducted-fan UAV design is becoming a more acceptable design option over the conventional rotorcraft design. The unique flight characteristics of such vehicles necessitate a design environment that is able to model and simulate the flight dynamics of ducted fan vehicles accurately. AVID OAV is a design and modeling software tool for ducted fan vehicles that is capable of modeling the performance and flight dynamics during the conceptual and preliminary phases of vehicle design. It incorporates a multidisciplinary methodology that encompasses the prediction of vehicle aerodynamics, fan and stator performance, mass properties calculation and control surface performance. Mission-based optimization and trade studies operating on the vehicle model can be used to explore the design space. The ability to model and simulate the flight characteristics early in the preliminary design phase provides the opportunity for the designer to make fundamental design decisions early on in the vehicle development program while reducing the potential of unexpected flight behavior later on. 
Nomenclature

I. Introduction
ucted fan vehicles are unique in many respects; they can hover, but are unlike helicopters; they can dash at high speeds, but are unlike airplanes. Much of the design intuition within the aerospace community is no longer applicable when venturing into the realm of VTOL ducted fan vehicle design. A "from the ground up", physics-based design environment is needed to arrive at an optimized vehicle design for a given mission requirement. This paper describes the methodology and accomplishments of such a tool, AVID OAV.
A strong motivator for developing a multidisciplinary ducted fan vehicle modeling and simulation program was military interest and funding for the development and deployment of the Organic Air Vehicle (OAV). The OAV is a version of a UAV with vertical takeoff and landing capabilities, thus allowing it to operate in scenarios not accessible to fixed wing UAVs and with less danger to the operator and lower acoustic signature than helicopter UAVs. The OAV is designed to be utilized at the platoon or soldier level and hence, the vehicle is "organic" to a small division of troops instead of being controlled by a remote operator. One of the requirements of the OAV is the ability to "perch and stare", where the vehicle lands at a remote location, and performs a certain set of tasks, such as providing live video or imaging. The vehicle can be used as a movable sensor, forward scout, or a laser-targeting device [1] . An example of an OAV is the Honeywell MAV shown in Figure 1 , which is currently being deployed in Iraq, the iStar vehicles ( Figure 2 AVID OAV is a multidisciplinary analysis, design and optimization code for ducted fan vehicles. The development of OAV was initially fueled with the objective of creating a design synthesis capability for ducted fan VTOL UAVs in a manner that would enable requirements and technology development decisions comparable to that of other types of aircraft. As the developments of ducted fan vehicles have progressed over the last few years, the tool has been upgraded with modules and analysis methods to include higher fidelity analysis and simulation capabilities. This allows for the user to design, follow, and predict the vehicle performance all the way from vehicle conceptual development to aircraft deployment. A screenshot of AVID OAV is shown in Figure 4 . 
II. Modeling Methodology
Aircraft conceptual design and analysis requires confidence by the user that the tool is providing the correct guidance. Trust is developed through a continuous effort of validation and verification of the code against theory and test. The user must understand the capabilities and the limitations of the design tool in order to make confident decisions. All software developed by AVID is implemented in standards-compliant C++ and Fortran using a commercial cross-platform GUI library (Trolltech's Qt). This allows AVID's code to operate on Windows, Mac and Linux; and AVID prides itself on being able to support all three platforms. While classes and methods are being implemented in software, the developer writes unit tests. AVID utilizes Cxxtest for unit testing of C++ codes, an inhouse developed unit test suite for Fortran codes, and QtTest for unit testing on GUI elements. Software engineering processes and strict revision histories are developed through the use of CASE tools such as Rational ClearCase. The merged code is regression tested with test cases collected from software requirements and reported problems with previous releases, ensuring that expected functionality is present in the software and solved bugs are not re-introduced.
A. Geometry Modeling
The conceptual aircraft design and analysis process is fundamentally about determining the shape of the vehicle that best meets the requirements. Typically, there are two approaches to finding the best shape, the explicit and implicit designs. AVID employs the explicit approach where the geometry is defined and tested against the various disciplinary analyses. This explicit process enables straightforward testing, and allows for using many validated analysis methods as design tools.
The modeling process for conceptual design must be fast and tailored to the design problem. AVID has developed its Parametric Aircraft Geometry Engine (PAGE) as a tool for the geometric definition of advanced vehicle concepts. PAGE builds on the experience of other modelers that have been developed such as ACSYNT [2] , RAM [3] and the attempt to employ commercial parametric CAD in the design process. The parametric models in PAGE allow for the flexible definition of the vehicle and internal components, but also can be directly controlled by optimization tools. The parametric definition can be used as input to computationally fast parametric analysis methods, but also physics based methods applied to the non-uniform B-spline models. This approach enables effective verification of the results and sensitivities of the faster design methods by comparison with higher fidelity analyses.
Earlier modelers have used point and cross-section definitions. PAGE is using NURB surfaces to increase the fidelity of the model and to build better aerodynamic surfaces comprised of curvature continuous components. The NURB definition can be easily transported to commercial CAD packages to speed the concept development process, and to be transferred to other more detailed analyses. In the past, the NURB definition was too complex to be displayed efficiently on anything but the most powerful workstations. Now, due to the progress in graphics processing, PAGE models can be manipulated on desktop computers with average graphics capabilities.
Primitive components such as wings and bodies make up the basis for all components. Custom components such as propellers, ducts, vanes and stators are built from the basic construct of the two component types.
B. Aerodynamics Modeling
The parameter based geometry modeling used in PAGE allows for easy integration with aerodynamic analysis within AVID OAV. The aerodynamic analysis adopts a component drag and lift build-up methodology. The aerodynamic properties of each geometric component is calculated individually and summed together to result in the aircraft overall characteristics. Aerodynamic interaction effects are also quantified, where such effects are dominant. One example would be the interaction effects between the duct geometry, fan configuration and the stators. Both empirical data and momentum theory methods are used in predicting the aerodynamics of the various components. The methodology used for each component is summarized below.
Duct Aerodynamics
A Duct, also known as a ring-wing or an annular airfoil, is the main lifting surface on a ducted fan vehicle. Geometrically, this is generated by revolving an airfoil cross section about an offset centerline. Aerodynamic performance of the duct is generally based on empirical data found in reference [4] . However, where the duct the geometry or configuration does not conform to that documented in [4] , data from Computational Fluid Dynamics (CFD) or un-published wind tunnel data obtained through several ducted-fan development programs in which AVID has been involved is used. The data incorporated in OAV uses a bilinear interpolation method to obtain values for the coefficients of lift, drag and moments (C L , C D and C M respectively) as a function of angle of attack and duct aspect ratio. The aspect ratio for a ducted fan in this case is defined as the ratio of the duct diameter at the fan face to the duct length.
Pod based components
There are five pod-based components that can be modeled. These are comprised of afterbody, fuselage, nose, centerbody and pod. For each of the pod-based components, its cross-sections can be defined by either an elliptical or general conic section. A circular cross-section is a special case of a conic cross-section. To calculate the aerodynamics of a pod-based component, an effective diameter is computed from of the average of the areas of the cross-sections defining the object. The following equations obtained from reference [5] are used to calculate the pod aerodynamic characteristics.
Landing Ring
The drag on a landing ring is calculated based on the two-dimensional drag coefficient of the landing ring's cross section. The force acting on the ring is calculated as the multiplication of the dynamic pressure, the ring frontal area and the drag coefficient. As a default, a drag coefficient of 1.19 is used based on the drag of a cylinder found in reference [6] . However, a user specified drag coefficient could be provided to account for either Reynolds number effects or cross section variations.
Ram Drag Modeling
Aerodynamic thrust is generated from changing the momentum of the free-stream airflow. Conceptually, this force required to turn the momentum vector of the air massflow through the fan is termed the "ram drag". In traditional airplanes, the direction of the thrust vector is typically collinear with the oncoming air velocity (within a few degrees). In a ducted fan aircraft, the angle between the thrust vector and air velocity can be quite large. While for traditional aircraft this momentum change acts along a line and simply results in a loss of thrust as the speed increases, for ducted fans it entails a large change in direction and can create lift, drag, and pitching moment. This phenomenon is pictured in Figure 5 . Figure 5 shows the free-stream air, the streamlines of the portion of air passing through the duct, and related aerodynamic forces.
The force required to change the momentum of the airflow is applied at the center of pressure (CP) of the duct airflow. As the vehicle applies this force to the air, the equal and opposite resultant force is comprised of an axial thrust force and a tangential ram drag force. If the CP is in front of the CG of the vehicle, the ram drag will contribute a positive (nose-up) pitching moment to the overall vehicle. The ram drag is a significant contributor to the vehicle aerodynamic center (AC), the point about which aerodynamic moments are zero. The AC is also affected by the lift and drag of the duct and other airframe components. As the vehicle cruises at different speeds, contributions to the vehicle AC from various sources may wax and wane. This results in a range of AC locations. If the AC of the vehicle is in front of the CG, positive pitch/elevator vane deflections will be needed to trim the vehicle. Likewise, negative vane deflection will be needed if the AC is aft of the CG. To minimize vane deflections, the CG should be near the middle of the range of AC locations. This usually requires the CG to be above the duct lip. This is due to the fact that typically the CP of the duct airflow is above the duct lip, to the surprise of many engineers.
The component of the ram drag force perpendicular to the vehicle axis can be described by the equation below:
where α is measured from horizontal to the vehicle axis. The movement of the location of the ram drag (and ultimately the AC of the vehicle) is modeled in AVID OAV using an empirical equation that is based on several unpublished ducted fan wind tunnel tests. This is a function of the velocity, angle of attack and fan RPM of the vehicle.
C. Fan and Stator Performance Modeling 1. Fan Modeling
The fan is part of the propulsion system that induces mass flow through the duct. To model the behavior of the fan, two analysis options are available: the actuator disk model, and the blade vortex element (BVE) propeller model. The actuator disk models the fan as a planar surface across which a pressure jump boundary condition is imposed. The thrust required from the fan is calculated as that which is required to hold the vehicle system in equilibrium. The induced velocity inside the duct can be calculated as 
The power required by the fan is calculated based on a "figure of merit" and "duct loss factor" specified by the user. The figure of merit relates to the efficiency with which power is converted to thrust. The "duct loss factor" (DLF) on the other hand represents the thrust that is lost to installation effects, drag, and interference due to objects in the flow field. An example of this is the loss in thrust due to the presence of the engine cylinder heads in front of the propeller.
The overall system Figure of Merit (FM system ) can be expressed as follows:
The BVE propeller model is a more detailed representation and fully maps the behavior of a propeller design according to its thrust and power coefficients with respect to advance ratio (J). This data is assembled into a table that can be interpolated to evaluate the propeller thrust and power at any flight condition (velocity, RPM, fan pitch, etc). The definitions used for these coefficient parameters are:
The propeller map can be created through either experimental data, or by using a fan design program such as XROTOR. XROTOR is a program for the design and analysis of ducted and free-tip propellers, created by Dr. Mark Drela at MIT.
For a fixed-pitch propeller configuration, only a single table of advance ratio, C P , and C T is required. However, for a variable-pitch propeller configuration, a table is required for each fan pitch angle within the designed range. For a fixed pitch propeller configuration, the advance ratio is first calculated based on the forward velocity and an assumed fan RPM. C P and C T are then found through a table lookup, and the thrust is then calculated. The RPM is then varied such that the thrust calculated equals the thrust required from the fan for equilibrium. For a variable pitch fan configuration, a preferred RPM is first set by the user. At the particular preferred RPM, the fan pitch angle is varied to match the calculated thrust and that which is required. The power required by the fan is calculated from the formulation of C P . The relation between a propeller map and the actuator disk model is the representation of the Figure of Merit in terms of C P and C T .
In the case of the propeller map, the duct loss factor is also applied to the formulation, to allow for the prediction of the true power required to generate the required thrust.
Stator Design and Modeling
In a ducted fan vehicle, the stators are designed to counteract the torque generated by the propeller and remove the resulting swirl from the flow. By using the stators to counteract the rotor torque, more vane control authority is available for pitch and roll. It is also important to straighten the flow as much as possible for maximum vane effectiveness. The propeller imparts a tangential velocity component to the flow, as well as an increase in axial velocity. This tangential velocity leads to a local angle of attack on the stator blades, which in turn generates lift. A schematic of this aerodynamic behavior is shown in Figure 6 . Stators are usually arranged in a radial orientation, so the lateral components of the lift cancel, resulting only in a torque and an axial force (either drag or thrust).
The performance of the stators are dependent on several primary factors, of them are the number and size of the stator blades. Blade chord determines the aspect ratio of the blade that as a result specifies its lift slope. However, blades with larger chords have more area but become less sensitive to changes in swirl angle and require more duct length. This results in a reduction in spacing between the fan, stators and vanes, which could result in negative implications to the vehicle performance and acoustic signature. Once an overall blade shape is determined, the local stator twist angle is set to the net swirl angle at each radial location. Then, the whole blade is canted to result in an overall angle of attack to provide the necessary torque. Since, the swirl angle is strongly dependant on the power, RPM, and thrust at each flight condition, the performance of the stators will not be consistent across the entire flight envelope, and therefore an average or compromise design will have to be determined to result in an acceptable stator performance. Within AVID OAV, the local radial twist distribution is defined by the following equation:
where the β constants are predefined by the user.
D. Mass Properties Modeling
The reliable calculation of the mass properties of an aircraft is of great importance as the total weight, center of gravity, and moments of inertia greatly influence the performance and controllability of the design. The mass properties model in AVID OAV uses the methodology developed by Ohanian [7] that allows for the fast approximation of the mass properties of solids defined by an arbitrary surface geometry.
Two different algorithms are used to either calculate the mass properties of a homogenous solid or a shell component. The calculation of mass properties for a homogeneous solid relies on a central projection algorithm that decomposes an arbitrary geometry into a finite set of tetrahedra. The mass properties of each tetrahedron are then integrated, to result in the overall mass property of the component. This includes the mass, center of gravity, and the moments of inertia of the component. Ohanian [7] provides a comprehensive description of the algorithm used. The determination of the mass properties of shell components on the other hand uses a method that is an extension of the central projection algorithm, called the thin shell algorithm. It offsets the surface of the solid by a certain distance inward, and represents the resulting shell in terms of offset triangular facets. The solid mass properties bounded by the outer surface facets are evaluated. Then, the mass properties bounded by the inner facets will be subtracted to obtain the overall shell mass properties. Ohanian also describes details of this algorithm in reference [7] .
Being able to have a good estimate on the mass properties of the vehicle at a preliminary design phase level allows for better initial modeling of the vehicle dynamics and performance for various layout configurations. As the design of the vehicle progresses, the material densities and adjustment factors can be updated to result in a "smeared" mass properties model that matches the more detailed mass representation. In addition to this, AVID OAV allows for the inclusion of mass margins to the mass properties. Early in the design phase, mass margins are added to the mass budget to account for variations between the originally designed vehicle and the final product. As the design details are refined, these mass margins will be reduced as the actual mass of the components are updated. Having the mass margins within AVID OAV allows the user to account of the variability and uncertainty in mass prediction of the preliminary designed vehicle. As the mass properties of the individual components are determined, they are summed together to result in the overall mass property of the vehicle. Any additional detail of non-geometrically modeled components such as the payload, and electrical devices are also included in this summation. The position and orientation of each of these payload components can also be easily adjusted resulting in the automatic update of the vehicle mass properties. This allows the user to perform component and payload placement studies in real-time.
In a ducted fan vehicle, the volume inside the duct is usually used to house the fuel (if powered by an internal combustion engine or turbine). Depending on the vehicle design mission, the fuel fraction of the vehicle can be large (as much as half of the gross weight of the vehicle) and have a significant impact on the position of the vehicle CG. This is further compounded by the problem that liquid fuels shift in relation to the vehicle orientation, causing a shift in the vehicle overall CG. This shift in CG is modeled in AVID OAV based on the size and geometry of the fuel tank, the amount of fuel inside the fuel tank and the orientation of the vehicle. This being the case, although a ducted fan vehicle can be perfectly balanced axisymetrically in relation to the solid components, the position of the CG could be shifted from the vehicle centerline due to the shift in fuel as the orientation of the vehicle changes. Ohanian discusses the algorithm used to determine the CG of a liquid in the context of a ducted fan vehicle in reference [8] .
E. Control Vane Modeling
For a vehicle to hover or cruise at a constant velocity, all the forces and moments acting on the vehicle must sum to zero. This state is referred to as "trimmed". The primary forces and moments acting on a ducted-fan vehicle include lift, drag, pitching moment, thrust and weight. When trimming a vehicle, a thrust level and aircraft orientation that balances the forces of lift, drag, and weight will usually leave some residual moment acting on the vehicle. Control vanes, usually located inside or behind the duct in the high-speed exit flow, are deflected to create an equal and opposite moment, and thus preventing the vehicle from rotating. The control authority of the vehicle is also a function of the vane design. Sufficient control authority in pitch, roll and yaw is frequently a critical design requirement for ducted fan vehicle. The vane configuration choice is therefore critical in designing a feasible ducted fan vehicle, and could affect its operating envelope.
AVID OAV allows for the analysis and modeling of various configurations of control vanes, providing the user the flexibility to specify vane orientation, position, number and size on the designed vehicle. Of some of the configurations that have been considered in current and previous ducted fan programs include the "cruciform +", "cruciform x", radial and biased radial. These vane arrangements are shown in Figure 7 . The "Cruciform +" has independent aileron and elevator controls and requires four actuators, but the outboard blades cannot be the full radius length. Also if there is residual swirl, the outboard vanes are not aligned perpendicularly with the flow. The maximum moment direction is 45° between the pitch and roll planes. The "Cruciform x" shares most of the properties of the "Cruciform +" but has mixed aileron and elevator controls, giving the maximum moment in the pitch and roll planes. The Radial configuration has mixed aileron and elevator controls, but the maximum moment can be in any direction. While the vanes are full-length chord with maximum spacing and aligned with any residual swirl in the flow, each vane blade requires its own actuator. The Biased Radial vane arrangement tries to incorporate the benefits of the cruciform and radial configurations: it has independent aileron and elevator and requires only four actuators. It has more outboard spacing of the vanes than the cruciform arrangements, and all of the blades are the full chord length and will be aligned with residual swirl in the flow. The maximum moment can be used to counter a crosswind gust during cruise as in the "Cruciform +" arrangement.
Control vanes are modeled within AVID OAV by considering each individual vane blade inside the induced airflow of the duct. Geometrically, each vane is designed by specifying its position, orientation, size, and airfoil 
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Corrections for interference effects between multiple vanes are accounted for using biplane and triplane theory developed by Munk and Prandtl. Description of this formulation can be found in Reference [10] .
The forces on the vanes are then calculated based on the vane angle of attack relative to the duct-induced flow, vane area and the induced duct velocity. Moments about the vehicle center of gravity are then calculated, and summed together for each vane.
F. Engine Modeling
Internal combustion piston engines, turbine engines and electric motors are modeled within AVID OAV. There are two choices inside AVID OAV to model the engine, using either the generic engine models built into the analysis or using the engine response surface model. If using the built in models, the user can select from a list of engines ranging from 2-stroke alcohol engines to 4-stroke JP-8 models. Each of these models uses empirical relations to quantify power and SFC, developed by Aerovironment early in the DARPA OAV program. Some of these engine selections are "rubber" engines whose weight, size and SFC change depending on the specified scaled maximum engine power. Electric engines are also available, that draw current from one of the electrical circuitry models. Custom engine models can also be created based on the list available, but its parameters are not easily modified.
The engine response surface models in AVID OAV can be used if specific engine data is available. Quadratic relations between available power, RPM and fuel flow are used to describe the engine on and off-design performance. To account for altitude effects, lapse rate equations are applied to the engine maximum horsepower via the following equations:
Where σ is the ratio of atmospheric density and the sea-level standard density. The thrust lapse coefficient, K defaults to a value of 0.7 for internal combustion piston engines, and 7.55 for turbine engines, if engine data at altitude is not available.
The altitude lapse for the engine SFC on the other hand, is modeled using the following equations:
where σ, δ and θ is the ratio of atmospheric density, pressure and, temperature to the sea level standard values respectively. The same thrust lapse coefficient, K used in the power lapse rate, is also used here.
Internal Combustion Engine Operation
The engine RPM and throttle setting specifies the operating point of an internal combustion engine. However, this operating point must be matched with the performance of the propeller. If equipped with a constant speed propeller, the operator controls both the engine RPM and throttle setting to achieve the desired thrust and fuel efficiency. When the engine RPM is set, the propeller governor adjusts the pitch of the propellers to increase or decrease the load absorbed from the engine to keep the RPM constant. Therefore, as the throttle is increased or decreased, the blade angle of the propeller is adjusted to provide the necessary thrust while keeping the engine speed constant. Although not usually done, the thrust could also be varied by keeping the throttle-setting constant, and changing the operating RPM. By changing the blade angle of the propeller, the engine will speed up or down to adjust to the amount of power being absorbed by the blades. In both cases, the engine and the propeller operate at a setting by which an equilibrium is established between the power provided by the engine and the power absorbed by the propeller.
The operation for an internal combustion engine equipped with a constant pitch propeller is more complicated. Here, the pitch of the propeller blades is fixed, and therefore the only control available to the operator is the throttle setting. Being a fixed pitched propeller, the thrust generated by the propeller can only be adjusted by increasing or decreasing its RPM. To increase the thrust provided, the operator will increase the throttle setting, thereby increasing the amount of fuel provided to the engine. Since now the power provided by the engine is greater than the power absorbed by the propeller (the propeller only absorbs a certain amount of power at a certain RPM), the power difference will cause the engine to increase in RPM. This increase in RPM will then cause the propeller to start absorbing more power. This dynamic change in engine RPM will continue until equilibrium is reached where the power absorbed by the propeller is matched by the power provided by the engine. In terms of the engine operation, the engine will always arrive at a particular RPM and engine fuel flow to provide the load absorbed at the propeller shaft. Figure 8 shows the variation in fuel flow at different engine output power for different engine RPM for a certain turboprop engine. At lower power levels, a specific engine output power can be achieved at different engine RPM, corresponding to different engine fuel flow or throttle setting. For example, 80 HP can be achieved at any RPM between 27000 and 40000. However, to achieve 80 HP, a higher RPM would require greater fuel flow. At higher power levels, the engine will need to operate at a higher speed. Therefore, the range of engine speeds which to achieve the desired engine output power will be smaller as the required power increases. Eventually, the maximum engine output power will only be achievable at engine maximum RPM and throttle setting. For a variable pitch propeller system, the change in blade angle will allow the user to operate within the RPM ranges at a particular engine output power level. For a fixed pitch propeller, the operator is not afforded this luxury, and will have to operate at a power level determined by the propeller design.
Figure 8: RPM performance of a typical small turbine engine
It should be noted that although we are presently assuming a fixed velocity, the power absorbed by a propeller at a particular RPM is also dependant on the forward velocity. However, at any particular velocity, the general behavior between the engine and propeller remains the same. Figure 9 shows the variation of engine power with RPM and throttle setting. This shows that even at full throttle, the engine power varies with engine RPM. If a power level at a particular RPM is lower than the full throttle line, then the engine will have to operate at reduced throttle to achieve the desired power. Figure 10 shows the variation in engine power and fixed pitch propeller power variation with RPM. The intersection between the reduced throttle line and the propeller power line is the operating (equilibrium) point for the engine. If the operator needs more thrust from the propeller, the propeller RPM will have to be increased (i.e. move up on the dashed line). This is done by increasing the throttle, hence shifting the operating point up the propeller power line (dashed line). The system reaches a maximum RPM limit where the engine is at full throttle. At an RPM higher than this limit, the propeller will require more power than the engine can provide and therefore cannot be achieved. Notice that this maximum RPM limit might not be the engine's actual RPM limit. Although the engine could potentially provide more power at a higher RPM, the propeller power curve acts as a limit to the engine. In a variable pitch propeller design, this is not an issue as the pitch of the blades can be reduced to allow an increase in RPM to absorb all the power the engine will provide. 
Engine/Fan Matching
Figure 9: Engine power variation with RPM and throttle setting
Implications of Engine Gearing
Due to the high output shaft RPM, turboprop engines gear down the shaft RPM to a level that is useful to a propeller. The extent of this gearing greatly affects the propeller/ engine design. Figure 11 shows the effect of engine gear ratio on the propeller engine matching. For a fixed pitched propeller design, the engine gear ratio affects the location of the maximum engine/propeller RPM mentioned earlier. At a lower gear ratio, the maximum engine/propeller RPM is much lower as the max throttle engine power line crosses the propeller power curve at a lower RPM. The available power from the engine at higher RPM is essentially unusable. This might not be bad if it is expected that the operating envelope of the vehicle will require thrust levels available below this maximum RPM point. This is because the propeller power curve is now much closer to the maximum throttle engine power line, and therefore indicates that the operation of the engine and propeller will be at higher throttle settings.
Figure 11: Impact of engine gear ratio on the engine/propeller matching
On the other hand, a higher gear ratio will increase the maximum engine/propeller RPM and will expand the thrust that can be obtained from the engine/propeller combination. If geared high enough, the intersection point between the max throttle engine power line and the propeller power curve can be made to correspond to the maximum engine RPM location. This therefore allows for the propeller to use all the available power that can be generated by the engine. If the engine RPM is geared any higher, the maximum RPM of the engine/propeller combination will be limited by the engine maximum RPM and the engine/propeller combination will always be operating at partial throttle. The downside of using higher gear ratios is that lower throttle setting will have to be used to generate thrust from the propellers at lower RPMs.
It is clear that a good choice of engine gear ratio is crucial in the performance of the vehicle. These aspects of engine and fan behavior are modeled within AVID OAV.
G. Electrical Power Modeling
The electrical system is a critical component of the vehicle performance and operation. Electrical power is needed to operate the ducted fan vehicle control system, and usually is also needed for the payloads that it carries. These payloads traditionally consist of cameras and other sensors. With this requirement, the ducted fan vehicle usually carries a payload of batteries, and a generator. Within AVID OAV, the properties of each electrical component in the system is modeled and integrated within the associated circuit.
Several different circuitries can be created and tracked within the vehicle. On each circuit, each electrical component will either be classified as a power load or source. Each power load component such as a camera, sensor or communication device is assigned a weight, and power draw. Power sources are categorized as either batteries or generators. Each battery is modeled as a power source, and with a finite power density and capacity. A generator on the other hand, draws mechanical power from the engine and converts it to electrical power, minus some efficiency losses. The power draw by the generator is tracked from the available engine power at the particular operating condition. On each circuit, the total power load is compared with the available power output from the sources. A design constraint is violated if the total power load is greater than the available power output. Otherwise, the battery capacity is monitored during the mission, and ceases to provide power when its capacity is depleted. If the generator produces excess power, that power is used to charge the batteries, until its capacity is filled, during which the generator will only produce (and draw) enough power to balance the power demand of the loads. Individual circuits are tracked and evaluated separately.
Within AVID OAV, the user can choose from a library of electrical components such as radio receivers and transmitters, optical and IR sensors, servos, and flight computers. In addition to this, custom electrical components can be created to model the behavior any component carried by the vehicle.
III. Trajectory and Performance Modeling
With all the modeling pieces in place: geometry, aerodynamics, mass properties, propulsion, and vane performance, the dynamics of the ducted fan vehicle can be modeled. Key to the accurate modeling of a ducted fan vehicle is determining the proper thrust, vehicle orientation and vane deflection for an aircraft in equilibrium. An aircraft in equilibrium is defined as one that has no net forces and moments. Figure 12 shows the general breakdown of forces and moments on a ducted fan vehicle. As mentioned before, the ram drag acts on the vehicle above the lip of the duct. Profile drag of the other components such as the fuselage, duct outside walls and landing ring also act on the vehicle to result in a pitching moment. The thrust vector acts along the axis of the fan. The CG of the vehicle could either be along or offset from the fan rotation axis, depending on the vehicle orientation and fuel level. Obviously, the weight acts on the center of gravity. Finally, the vanes deflect to counter the pitching moment created by the components. For equilibrium, assuming only longitudinal trim, forces will have to sum to zero in both the horizontal and vertical plane, as well as the moments. This is shown in the equations below: Equilibrium can be achieved by varying these parameters: the angle of attack, α, the propeller thrust which is controlled by either changing the RPM or the blade pitch angle, and the vane deflection. These three parameters are the primary control parameters for the vehicle, and are modified to increase or decrease forward and vertical velocity. For example, if only a forward acceleration is required (i.e. no change in altitude), the vehicle thrust will be increased by increasing either the propeller RPM or blade pitch angle. At the same time, the pitch vanes will deflect to decrease the pitch angle of the vehicle. It will then return to another equilibrium position to zero out the vehicle moments. In essence, the change will be done to satisfy equations 18 and 20, while maintaining a net force in the horizontal plane. The same adjustments to the control parameters will be done if the vehicle encounters a gust. The equilibrium is solved using a multivariable Newton optimization algorithm, with the objective to minimize the sum of the squared force and moment residuals.
With the equilibrium condition of the vehicle solved, the mission performance of the vehicle can be modeled. The mission segments within AVID OAV include several different climb phases, cruise phases, a loiter phase, and a hover phase. Within the climb phase, the user is able to specify either a vertical climb (climb rate specified by user) or the vehicle maximum vertical rate or a true airspeed climb. By combining individual mission segments, a complete design mission can be put together, and the vehicle modeled by flying that specific mission. In addition to this, the vehicle instantaneous or "point performance" parameters can also be calculated. This includes vehicle turn performance, instantaneous climb capabilities and the specific vehicle range and endurance. Also, other vehicle parameters such as the vehicle flight envelope, and the altitude-endurance performance can be evaluated, as seen in Figure 13 . 
IV. Optimization and Trade Studies
The usefulness of the physics-based system level modeling of the vehicle is leveraged to gain insight and make design decisions through the use of optimization and trade studies. The integrated model of vehicle aerodynamics, electronics, propulsion, and mass properties serves as a foundation for mission-based optimization of air vehicle designs. Typical optimization studies might include engine sizing for a mission, range/endurance maximization, or weight and fuel minimization. AVID OAV allows access to all of the parametric variables in the program to be design variables for the optimization problem. Predefined constraints and user-defined constraints can be specified. The typical predefined constraints include: sufficient fuel to complete mission, fuel storage capacity, maximum engine power, maximum engine RPM, min/max propeller disk loading, and sufficient battery capacity. The objective function to be minimized or maximized during the optimization solution can be any equation constructed from the multitude of parametric variables available in AVID OAV. A selection of global and gradient-based solvers (including particle swarm, Newton, conjugate gradient, and steepest descent) is available to find the optimization solution.
Trade studies allow the variation of one or more input parameters with the calculated effect on a set of output parameters. This can be particularly helpful in identifying trends versus velocity, altitude, engine power, or vehicle size. The same constraints used in the optimization process can be evaluated for each trade study point, mapping out the feasible design space. Carpet plots versus two input variable can be generated to illustrate the effect on a single output, showing which areas of the design space violate constraints (color coded for each constraint), as seen in Figure 14 .
Figure 14: Carpet Plot with Constraint Evaluations
Alternately, the trade study results can be saved to file and analyzed in external programs such as MATLAB or TecPlot. Contour plots or multidimensional visualization techniques can be applied to extract relevant conclusions from the data. A sample contour plot generated from AVID OAV data is shown in Figure 15 . 
V. Computed Aerodynamic Model Export
The aerodynamic calculations that are the basis of AVID OAV vehicle analysis can also function as a wind tunnel database in the absence of actual wind tunnel data. This type of model is referred to as a Computed Aerodynamic Model or CAM. This representation of a ducted fan vehicle incorporates the aerodynamic forces and moments, in six degrees of freedom. The base vehicle forces and moments are recorded separately from incremental forces and moments due to control inputs. The complete forces and moments for any flight condition can be calculated by a summation of these contributions. A range of velocities, angles of attack, propeller settings, and control vane deflections can be evaluated in a single operation. The results can then be exported to comma separated or MATLAB format as lookup tables. The CAM can be leveraged in external analysis such as MATLAB and Simulink simulations. A typical use of the CAM is to begin linear and nonlinear flight control development before wind tunnel data is available or if multiple configurations of the vehicle need to be evaluated and wind tunnel testing is impractical.
VI. Validation
AVID OAV has been validated through various wind tunnel tests and flight tests of ducted fan vehicles. One of the wind tunnel tests that validates the methodology in AVID OAV is of the iSTAR 29i vehicle. A photo of the wind tunnel model of the iSTAR 29i vehicle is shown in Figure 16 . Although this comparison is already detailed in reference [10] , it will be summarized here. Figure 17 and Figure 18 shows a comparison between the experimental and predicted values of lift and drag respectively. Figure 17 shows that at both freestream velocities of 40 ft/s and 80 ft/s, the predicted lift data agrees well with the experimental. This occurs until around 20 deg angle of attack, where there is a break in the lift curve slope for the predicted data. As described in reference [10] , this discrepancy is quite possibly due to the AVID OAV model predicts separation over the leading-edge lip of the ducts much sooner than that which was experimented upon. Comparisons of drag in Figure 18 also show good agreement. AVID OAV has also compared well with other wind tunnel tests of ducted fan vehicles. However, we have not obtained permission to publish that data. The Honeywell MAV ducted fan vehicle, shown in Figure 19 , has flown more than 3,500 test flights over the past three year. It is currently being readied to be deployed in Iraq by the U.S. Navy to identify improvised explosive devices (IEDs) from the sky. It will be the first ducted fan UAV to be used during combat missions. The MAV weights roughly 16 pounds and is 14 inches in diameter. It is small enough to be carried in a backpack and is equipped with video cameras to relay information to the soldier on the ground. AVID was a sub-contractor to Honeywell throughout the development program of the MAV, using AVID OAV as the primary configuration development and sizing software. Figure 20 shows the variation of elevator trim deflection as a function of velocity. It shows that AVID OAV predicts the variation in this vane deflection, although it slightly under-predicts its absolute value. Figure 21 shows the variation of vehicle angle of attack as a function of velocity. It shows that AVID OAV compares well with the data collected in the flight tests. 
VII. Conclusion
A multidisciplinary modeling and simulation tool for ducted fan vehicles has been developed. The structure of the tool adopts a "from the ground up" design and modeling methodology, which begins with the geometry modeling. This tool models every aspect pertaining to a ducted fan vehicle, including prediction of vehicle aerodynamics, fan and stator performance, mass properties calculation and control surface performance. The vehicle trim attitude is also determined based on the vehicle thrust, orientation and control vane deflections. This provides the capability to model the flight dynamics of such a vehicle even during the preliminary design phase of the vehicle development. However, it is flexible enough to allow the user to track the vehicle configuration and performance starting from the concept development phase through to the flight-testing phase. It has been validated through many wind tunnel and vehicle flight tests, and has been extensively used on numerous ducted fan designs such as the Honeywell MAV, the iStar ducted fan vehicles, and the Honeywell OAV-II vehicle. It is currently being used to design the FCS Class I vehicle and also on several other ducted fan programs.
